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ABSTRACT 
Microbial pathogens, such as Salmonella and Escherichia coli, are continually 
deposited in the environment and have been shown to contaminate groundwater by 
leaching through the vadose zone. Therefore, understanding the factors influencing the 
transport of these pathogens through porous media is critical to protecting drinking 
water supplies. This study investigated the relationship between biofilm formation and 
curli production and the transport of environmental Salmonella through porous media.  
Environmental Salmonella strains used in the experiment were isolated from dairy 
farms. Two well-characterized E. coli strains with known high and low biofilm and 
curli production capabilities were also tested as controls alongside the Salmonella 
isolates for each experiment.  Thirty-two isolates were initially assayed for their ability 
to form biofilms, from which a subset of these was selected to represent a range of 
high and low biofilm and curli formation capabilities. These were subsequently 
examined in unsaturated sand columns for transport characteristics. Unlike the E. coli 
strains for which column retention correlated with biofilm formation and curli 
production, no obvious correlation was observed between Salmonella phenotypes and 
column retention.  Salmonella strains that produced high amounts of curli and biofilms 
were actually less retained in the column than Salmonella strains producing low 
amounts of curli and biofilms, contradictory to observations made with E. coli. 
Swimming and swarming motility exhibited by strains also proved to have no 
correlation with column transport. The results indicate that while transport of well-
characterized laboratory E. coli strains can often be hindered by the presence of curli 
and biofilms, the presence of curli did not retard the transport of the Salmonella strains 
through sand columns though it correlated with their ability to form biofilms. 
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 CHAPTER 1 
 
INTRODUCTION 
1.1 Thesis Outline 
Chapter 1 provides background information on the fate and movement of bacteria in 
the subsurface.  The second section defines biofilms and curli and provides 
background on the study of their impact on bacterial transport through the 
subsurface. 
Chapter 2 presents the complete investigation of the impact of biofilms and curli on 
the transport of Salmonella through porous media. 
Chapter 3 recommends follow-up investigations and future directions to take 
regarding the study of subsurface transport of bacteria. 
Appendix A contains the actual data from the experimental work examining the 
transport of bacterial strains in sand columns. 
Appendix B has the mass recovery calculations along with their statistical 
comparisons. 
Appendix C contains a complete collection of the statistical summaries. 
1.2 Background on bacteria in the subsurface 
As far back as the 19th century, microbial tracer populations were introduced and 
recollected from the subsurface, as a method of tracking groundwater flow patterns 
(Abba et al. 1898).  However, in the past few decades, research has shifted to focus 
more on the movement of the microbes themselves, as they have implications in 
bioremediation (Steffan et al. 1999; Ellis et al. 2000) and groundwater 
contamination (Crane et al. 1983, Ferguson et al. 2003).   The protection of 
groundwater resources is of particular interest, as several recent disease outbreaks 
(O’Conner 2001; CDC 2008; CDPHE 2008) have been linked to pathogenic 
bacterial contamination of subsurface drinking water sources.  Controlled 
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experiments (Jackson et al. 1998; Warnemuende & Kandar 2000; Ogden et al. 2001; 
Juhna et al. 2007) also verify that pathogenic bacteria have the potential to reach 
and contaminate groundwater, representing a serious human health concern. 
Enterobacterial pathogens, such as Escherichia coli and Salmonella, are 
continually deposited in the environment from a variety of human and animal 
sources (Winfield & Groisman 2003).   The infiltration of precipitation facilitates 
the transport of these pathogens to the groundwater level.  However, bacterial 
transport to groundwater is partially impeded by the soil matrix, which acts as a 
natural microbial filter.   
Bacterial subsurface transport is governed by physical, chemical and/or 
biological processes (Ginn et al. 2002, Yang et al. 2004).  Physical processes, like 
straining and filtration physically retain microbes from the flowing solution. 
Straining specifically refers to the immobilization of microbes too large to fit 
through pore space openings (Choi et al. 2007).  Physical filtration is the collision 
and subsequent deposition of microbes onto particle surfaces (Murphy & Ginn 
2000).  These physical processes can also be coupled with chemical interactions 
between the bacterial cell surface and the mineral surface, resulting in attachment, 
adsorption, or even repulsion (Ginn et al. 2002).  These chemical interactions are 
highly influenced by the cell surface properties, which can vary significantly among 
microbial strains (Choi et al. 2007).  Active adhesion and detachment are 
biomolecule-mediated microbial interactions with mineral surfaces and vary in 
response to nutrient availability, environmental stress, and growth (Bouwer & Cobb 
1987; Reynolds et al. 1989), which can influence microbial transport (Ginn et al. 
2002). 
The physical, chemical and biological processes influencing microbial 
subsurface transport are inherently complex, due to their unstable and interrelated 
nature (Ginn et al. 2002).  There is not a clear distinction between physico-chemical 
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and biological mechanisms because these processes are often coupled in relation to 
microbial transport.  Consequently, a definitive and encompassing set of rules and 
laws governing microbial transport does not exist, as can be seen by the variances 
and inconsistencies within the literature (Murphy and Ginn 2000; Tufenkji 2007).   
Past attempts to predict bacterial transport have traditionally relied upon 
inorganic colloid theories to explain bacterial interactions with surfaces (Ginn et al. 
2002; Tufenkji 2007).  Traditional colloid filtration theory describes the transport of 
the particle through the porous media with the pore-water, whereupon it can attach 
to the surface of the collector media (Ginn et al. 2002). The interactions that 
determine whether the particle will attach to the surface are commonly described by 
the DLVO theory of colloid stability, which balances the attractive and repulsive 
physiochemical interaction (Grasso et al. 2002).  However, many of the DLVO 
theory’s assumptions, in particular that the colloidal surface is smooth, solid, and 
inert, do not hold true for microbial cells (Ninham 1999) due the presence of cell 
surface polymers, macromolecules, and other structural appendages that may 
contribute to biofilm formation.   
1.3 Biofilms, Curli, and Bacterial Transport  
Upon entry into non-host environments, bacteria are subject to limited nutrient 
availability, osmostic stress, variations in temperature and pH, and predation 
(Marshal 1980; Savageau 1983; Winfield & Groisman 2003).  In order to enhance 
survival, cells will often form biofilms (Costerton et al. 1995). Biofilms are 
organized communities of cells enclosed in an extracellular matrix usually 
consisting of polysaccharides, proteins and extracellular surface structures such as 
fimbriae or pili (Costerton et al. 1995).  Cells in biofims are typically more resistant 
to biocides, antibiotics, desiccation and oxidative stress (Hoyle & Costerton 1991, 
Stewart 2001, Brombacher et al. 2003).  
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The formation of a biofilm is a multi-step processes.  The first step is reversible 
cell attachment to a surface, followed by irreversible attachment and the production 
of adhesive molecules (Barnhart & Chapman 2006).  After attachment, the biofilm 
begins to develop, then matures, before finally dispersing (Barnhart and Chapman 
2006).  This process of biofilm formation is assisted by the presence of several 
bacterial surface structures, such as curli, flagella, pili, and exopolysaccharides (Van 
Houdt & Michiels 2005) as they facilitate the initial attachment to surfaces (Deflaun 
et al. 1994; Vidal et al. 1998). 
One of the key surface structures are some enteric bacteria are curli.  Curli are 
proteinaceous extracellular fibers produced by enteric bacteria (Barnhart and 
Chapman 2006).     When found in Salmonella, these amyloid fibers are often 
referred to as thin aggregative fimbraie (tafi) (Gebbink et al. 2005). For the sake of 
clarity, similar amyloid fibers expressed by both E. coli and Salmonella will be 
referred to as curli throughout this thesis.  The expression of curli promotes both 
surface and cell-cell adhesion, which can lead to biofilm formation and host 
colonization (Prigent-Combaret et al. 2001; Zogaj et al. 2003).   Curli gene 
expression is generally responsive to environmental cues such as temperature and 
salt concentrations (Römling et al. 1998b), and is highly conserved between E. coli 
and Salmonella (Römling et al. 1998a).  
The production of extracellular structures, like curli, facilitates bacterial 
attachment to surfaces (Marshall 1980; Lynch & Bragg 1985).  Upon surface 
attachment, the process of biofilm formation can begin (Barnhart & Chapman 
2006).  As curli also increases cell-to-cell attachment they contribute to biofilm 
development beyond the attachment stage.  It is logical to hypothesize that the 
presence of curli and its associated biofilm formation phenotype would retard the 
transport of bacteria through the soil, as the cell becomes attached to the grains.  
This hypothesis is largely supported by findings in the literature (Prigent-Combaret 
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et al. 2001; Landini & Zehnder 2002; Abu-Lail & Camesano 2003; Brombacher et 
al. 2003; Burks et al. 2003; Walker et al. 2004; Bell et al. 2005).   Both the physical 
removal of LPS (Abu-Lail & Camesano 2003) and gene deletion to inactivate curli 
production (Brombacher et al. 2003) were shown to lead to increase transport of E. 
coli through saturated columns.   However, other factors such as variations in strain 
type, culture age and media condition can often overcome and/or alter the influence 
of surface biomolecules and biofilm formation capacity on the transport of bacterial 
through the porous media (Rijnaarts et al. 1995; Walker et al. 2005; Tufenkji 2007).  
For example, Rijnaarts et al. (1995) showed ionic strength to be a key factor in 
bacterial retention, while Walker et al. (2005) found that differences in the growth 
phase of the cell could overcome differences in ionic strength to influence column 
retention. In addition, bacterial transport behavior can vary significantly between 
commonly used laboratory-cultured strains and environmental isolates (Yang et al. 
2006).   
The exact role of surface biomolecules, like biofilm and curli, in bacteria 
transport through porous media is still quite poorly understood (Tufenkji 2007).  
Further complicating this understanding is the fact that the wide variety of bacterial 
surface polymers can exert either repulsive or attractive forces, depending on their 
specific characteristics and other environmental factors (Ginn et al. 2002).   As a 
result, well-controlled laboratory-scale studies are needed to improve the 
fundamental understanding of interactions between surface biomolecules, biofilm 
formation and porous media. Column studies have been used to examine specific 
processes that affect microbial transport (Harvey & Harms 2002).  Flow-through 
column investigations mimic subsurface flow and yield value information about the 
acting retention mechanisms governing bacterial transport, while also providing a 
degree of control unattainable in the field (Harvey & Harms 2002).   
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This report attempts to further address the role of surface biomolecules on 
bacterial transport through porous media using sand columns.  We focus specifically 
on the effects of biofilm formation and curli production on the transport of 
environmental Salmonella strains.  
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CHAPTER 2 
 
THE ROLE OF BIOFILMS AND CURLI IN ENVIRONMENTAL SALMONELLA 
TRANSPORT THROUGH UNSATURATED POROUS MEDIA 
2.1 Introduction 
Groundwater is considered one of the safest sources of drinking water and is 
often used without treatment in many households that do not have access to 
municipal drinking water systems. However, the safety of potable groundwater is 
under scrutiny, with pathogen contamination of groundwater estimated to cause as 
many as 5 million illnesses annually in the United States of America alone (Macler 
& Merkle 2000).  In countries where sanitary systems are failing or nonexistent, the 
number of pathogen infections from groundwater is likely an order of magnitude 
larger. Microbial contamination of food sources is another pathway of human health 
infection.  In one recent case, a widespread Salmonella outbreak infecting more than 
1400 individuals in over 43 states (CDC 2008) was linked to contamination of 
irrigation water sources.  Despite our best efforts to prevent water-related diseases, 
enterobacterial outbreaks occur unabatedly (O’Conner 2001; CDPHE 2008).  Our 
failure to curb such outbreaks is due in part to our lack of understanding exactly 
how pathogenic bacteria move in the environment (Filip et al. 1988; Stevik et al. 
2004; US EPA 2006). 
Enterobacteria, including pathogenic E. coli and Salmonella strains, are 
commonly found in the intestinal tract and feces of mammals. Fecal deposits of 
enterobacteria are introduced to the environment through livestock grazing, leaking 
septic systems, and the spreading of manure and sewage sludge wastes on 
agricultural fields (Ogden et al. 2001; Jamieson et al. 2002). Upon excretion to the 
natural environment, pathogenic enterobacteria, such as E. coli and Salmonella, can 
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survive for extended periods of times (Gerba et al. 1975; Filip et al. 1998; Entry et 
al. 2000) thus increasing the likelihood of subsequent infection.   
Microbial transport in the subsurface is governed by a multitude of complex 
and interrelated physical, chemical and biological processes (Ginn et al. 2002). The 
presence of extracellular structures, such as flagella, pili, curli, and polysaccharides, 
can have key implications for bacterial transport in the subsurface (Stevik et al. 
2004). In addition, these extracellular structures can facilitate the formation of 
biofilms where bacteria are protected from environmental stresses (Costerton et al. 
1995; Van Houdt & Michiels 2005) and which can enhance survival rates in the 
presence of disinfectants (Prouty et al. 2002; White et al. 2006). 
Only a small fraction of research on the effect of biofilms and extracellular 
structures on bacterial adhesion has been performed using column studies.  
However, results of these studies are inconclusive, as the presence of extracellular 
structures has been found to both hinder and facilitate microbial adhesion depending 
on variations of the structure itself, the strain type, culture age and media condition 
(Rijnaarts et al. 1995; Abu-Lail & Camesano 2003; Burks et al. 2003; Walker et al. 
2005; Tufenkji 2007).  Despite this ambiguity, there seems to be an assumption that 
under specific conditions various biofilm-associated surface structures retard 
bacterial transport through porous media.  For example, E. coli strains treated with 
EDTA to physically remove the membrane-bound lipopolysaccharides (LPS), 
showed less retention in saturated columns than untreated E. coli strains (Abu-Lail 
& Camesano 2003). Similarly, curli-deficient E. coli mutants displayed much higher 
mobility in sand columns than the wild type did (Brombacher et al. 2003). Similar 
extracellular-structure effects on transport were found by Prigent-Combaret et al. 
(2001), Landini & Zehnder (2002), Walker et al. (2004) and Bell et al. (2005). 
The most commonly used indicator organism for enterobacterial presence 
and behavior is E. coli due to difficulty and costs involved in testing for a range of 
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individual pathogens (Crane et al. 1981; Jamieson et al. 2002; Bjergbaek & Roslev 
2005). Despite its ubiquitous use, doubts remain about the reliability of E. coli as a 
surrogate for all microbial pathogens, even for similar species like Salmonella 
(Harvey & Helms 2002; Winfield & Groisman 2003).  In several instances, 
Salmonella has shown to be more resistant than E. coli to environmental stresses, 
displaying higher rates of survival in natural environments including drinking water 
sources (Rhodes & Kator 1988; Mezrioui et al. 1995; Winfield & Groisman 2003).  
 The objective of this study was thus to determine if easily observed 
interrelated phenotypes of biofilm formation and curli production in Salmonella are 
predictive of transport through sand columns as has been found for E. coli. More 
generally, these experiments were designed to shed light on the extent to which E. 
coli serves as a reliable indicator of the environmental behavior of other 
enterobacteria and specifically Salmonella. 
2.2 Material and Methods 
2.2.1 Bacterial Selection and Characterization 
Salmonella isolates were obtained from the collection of Dr. Lorin Warnick, 
College of Veterinary Medicine, Cornell University (Kaneene et al. 2008).  These 
Salmonella isolates were originally collected from dairy farms throughout the 
United States. 
Table 1: Bacterial strains used in this study 
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The two K-12 E. coli strains used in our study were well-characterized 
laboratory strains, PHL628 and PHL628 !csgA (Vidal et al.1998; Toba 2008). 
PHL628 is known to overproduce curli, and !csgA is a curli deficient deletion 
mutant form of PHL628 (Toba 2008).  All strains were routinely maintained on 
Luria-Bertani (LB) agar. 
Biofilm Formation: The amount of biofilm produced by each strain was 
measured using a modified version of the method of O’Toole and Kolter (1998). 
Briefly, in a microtiter plate, 20 "L of an overnight culture of bacteria grown in 
low-salt (5g/L NaCl) LB broth was added to 100 "L M9 medium (Sambrook et al. 
1989) with 0.2% casamino acids as carbon source. After 18 hours incubation at 30° 
C, bacterial growth was measured by reading the optical density of each well using 
a 96 plate reader (Biotek) at 600 nm (OD600). Each well was subsequently stained 
with 100 "L of 1% crystal violet solution. After 15 minutes of staining, the wells 
were gently washed with DI water until the runoff water was clear, leaving only the 
stained biofilm residue that was securely attached to the surfaces of the well. After 
air-drying of the plate, the stain retained by the biofilm growth was solubilized in 
95% ethanol and transferred to a fresh plate. The absorbance of each well at the 
crystal violet absorbance wavelength (595nm) was then measured.  The amount of 
crystal violet retained in each well (ABS595) was normalized to cell growth value 
(OD600) and presented as the standardized ratio of ABS595/OD600.  These assays 
were performed in triplicate, and the results are presented as averages across all 
trials.  
Congo Red Morphotype Identification: The binding of the dye Congo Red 
(CR) to E. coli and Salmonella has been reported to correlate with their production 
of curli (Römling et al. 1998; Barnhart & Chapman 2006).   We therefore plated the 
four Salmonella strains and the control on Congo Red agar as a qualitative means of 
assessing curli production.  A single colony from LB agar was transferred onto the 
 16 
center of a YESCA-Congo Red agar plate (Hammar et al. 1996). After 168 hours of 
incubation at 30º C, colony growth formed by each strain (morphotype) was 
captured with a digital camera (Canon Powershot A590).  Attempts to quantify the 
amount of Congo Red bound within the morphotype were unsuccessful. To 
overcome this limitation we performed a semiquantitative visual assessment of 
congo red absorption by scoring colonies as either a 1 (white), 2 (<25% red), 3 
(>25% but <50%), 4(>50% but <80%), or 5 (all red). 
Swimming and Swarming Mobility: Swimming and swarming motility 
plates were made using LB agar, with 0.2% and 0.5% agar concentrations, 
respectively (Harshay & Matsuyama, 1994).  Swarm plates were supplemented with 
an additional 0.5% glucose concentration after autoclaving. Freshly poured plates 
were stored in cooler with high air moisture content to reduce desiccation of agar 
surface. After cooling, 5 "L of an overnight culture of bacteria was inoculated in the 
center of the agar surface. In swarm plates the bacteria were placed atop the agar 
surface, while in swim plates, bacteria were injected into the agar using a pipet tip.  
Plates were sealed with parafilm and placed it a 37° C incubator.  The maximum 
diameter of the spreading growth was measured over various time intervals. 
Experiments were performed in quadruplicate. 
 Statistical Analysis of Correlation: Statistical analysis of the correlation 
between independent biological characteristics was performed with SPSS 16.0 
software.  Correlation was determined using the Pearson product-moment 
correlation coefficient, which is obtained by dividing the covariance of the two 
variables by the product of their standard deviations.  
2.2.2 Column Transport Experiments 
The four selected Salmonella strains and two E. coli controls were run 
through unsaturated sand columns to measure the strains’ retention. 
Two types of suspension fluid were tested in the sand columns, a growth 
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media, and a non-growth buffer, in order to observe differences under growth 
promoting and non-growth environmental conditions. Column effluent breakthrough 
curves were compared to determine if the ability of a strain to form biofilms and 
curli was an accurate predictor of the strain’s ability to be transported through 
porous media.   
 Sand Column Setup and Construction: Granular silica sands with sizes of 
500-590 "m and 710-850 "m (Unimin corp.) were used to pack sand columns.  
Before use, the sand was autoclaved, washed 4 times with DI water and 
subsequently dried for 24 hours.  The sand column unit was constructed from a 96 
deep well plate (Axygen Scientific) consisting of 96 individual 2.2mL cylindrical 
columns.  Prior to use, holes of 1mm diameter were drilled at the nadir of the 
hemispherical bottom of each well.  Column set-up can be seen in Figure 1. First, 
 
 
Figure 1: Sand Column set-up, constructed from 96-deep-well plate. 
Columns are approximately 7 cm in height with a 1 cm circumference 
and a volume of 2.2 mL. 
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0.25 g of the coarser sand grain (710-850 "m) was placed in each well in order to 
serve as a natural filter.  Then each column was filled with 2.65 g of the finer sand 
grains (500-590"m).  
Bacterial Preparation:  Bacteria were grown in LB broth at 150 rpm at 25º 
C for 18 hours. Bacterial suspensions were centrifuged to separate whole cells from 
the LB growth medium.  After centrifugation, the medium was decanted and the 
cells washed by by gently resuspending them in a medium consisting of either a 
0.1x (18.6mM) Phosphate Buffered Saline (PBS) or M9 salts medium (0.2% 
casamino acids as carbon source).  This washing procedure was repeated once to 
remove all traces of the original growth medium and ensure total suspension in the 
new medium.   
PBS Sand Column: 600"L of the PBS inoculated bacterial solution were 
pulsed into each unsaturated sand column well in eight replicates.  In addition, 
100"L of the bacterial solution were simultaneously placed in a separate microtiter 
collector plate, in order to determine the initial cell concentration, measured as 
optical density (OD600). The column and plate remained sealed and static at room 
temperature for 4 hours to allow the bacterial suspension to settle in the column.  
After the 4 hours, the OD600 was again measured in the initial OD microtiter plates 
to verify no growth had occurred in the PBS suspended solutions.  Using a multi-
channel pipetter, columns were subjected to an initial pulse of 200"L sterile 0.1x 
PBS, followed by 100"L increments approximately every 3 min.  Effluent samples 
were collected by placing the sand column atop a clean 96-well microtiter plate 
where approximately 100"L of drained effluent was collected from each well per 
pulse. The effluent concentrations were analyzed with spectrophotometry and the 
values normalized and reported as:  
                                                                                                                      (1) 
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where C’ is the normalized concentration, C is the collected column effluent 
concentration (OD600), and Co is the initial concentration (OD600) obtained from the 
separate microtiter plate. The normalized concentrations of each pulse were 
averaged over all replicates and subsequently plotted against the volume of 
recovered effluent from each column to generate the breakthrough curve (BTC).   
M9 Media Sand Column: These column tests followed the same procedure 
as the PBS sand columns.  The normalized concentration were computed differently 
in order to account for the small amount of bacterial growth while in column and 
reported as:  
            
  
Where C’ is the normalized concentration, C is the collected column effluent 
concentration (OD600), and Cf is the concentration of the separate microtiter plate 
(OD600) 4 hours after addition of cells to the column.   
 Mass Balance: For mass balance calculation, the fraction, f, of applied 
bacteria recovered from the columns was calculated as: 
 
                                                             (3) 
 
where C’ is the normalized concentration, V is the effluent volume ("L),Vt is the 
total volume of bacteria pulsed into column,  k is each sample, and n is the total 
number of samples. 
KBr conservative tracer:  A Potassium Bromide (KBr) conservative tracer 
(100 ppm) was run through sand columns under exact same conditions as bacterial 
strains.  Recovered effluent volumes were run through Ion Chromatograph (Dionex) 
to determine Bromide recovery.  Bromide ion recovery was calculated as: 
! 
f =
C'k +C'k+1
2
k= 0
n
" (Vk+1 #Vk )
Vt
                                                                                 (2) 
 
! 
C'=
C
Cf
                                                                                                                      (4) 
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where C’ is the normalized concentration, C is the collected column effluent 
concentration (ppm), and Co is the initial concentration (100 ppm). 
Statistical Analysis: Using SPSS 16.0 statistical software, statistical analysis 
was performed on the mass recovery concentrations, using a minimum of 18 column 
replicates taken from 2 separate column studies.  Student t-tests were used to 
determine significance between strains at the 95% confidence interval.  One-sample 
t-tests assuming unequal variances were performed in which mass recovery was the 
dependant variable and strain type was the independent variable.   
2.3 Results 
2.3.1 Biofilm Formation 
Thirty-two environmental Salmonella strains were analyzed for their biofilm 
forming abilities (Figure 2). Based on these initial results we selected the two best 
(1-38, 1-46) and two of the worst (1-10, 1-17) biofilm formers to examine for 
additional biofilm related phenotypes, including congo red binding and 
retention/transport in sand columns.  
Figure 3 shows the biofilm produced by the selected subset of Salmonella 
sp. strains along with the E. coli controls and composite average of all 32 tested 
strains. The best Salmonella biofilm producing strains, 1-38 and 1-46, had average 
measured biofilm absorbance (OD595/OD600) values of 1.69 and 1.50, respectively.  
Though not statistically different from one another, this was significantly more (P < 
0.05) than the low biofilm producing strains, 1-10 and 1-17 which had average 
measured biofilm absorbance (ABS595/OD600) values of 0.37 and 0.35, respectively.  
Compared to the average of all tested Salmonella strains, the high-biofilm producing 
strains produced more than twice the measured all-strain mean of 0.73, while the 
low-biofilm producing strains produce approximately half of the mean.   Even the 
best Salmonella biofilm formers, however, produced less biofilm than the curli-
overproducing strain (PHL628), which had an ABS595/OD600 ratio of approximately 
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3.83.  While the csgA deletion mutant produced less biofilm than the wild-type 
PHL628, it was statistically similar to the biofilm production displayed by the high-
biofilm forming Salmonella strains (1-38 and 1-46) with an ABS595/OD600 ratios of 
approximately 1.6.  
 
 
 
 
Figure 2: Biofilm attachment summary of all 32 tested Salmonella strains 
measured as the amount of crystal violet stained biofilm attached to 
polystyrene tray (ABS595) normalized by total cell growth (OD600).  Minimum 
of 3 replicates per strain with error bars representing one standard deviation 
from the mean.  
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2.3.2. Congo Red Morphotype Identification 
Two distinctly different morphotypes were observed in the colonies formed 
by the E. coli strains:  PHL628 produced a red, smooth morphotype (Figure 4a), 
while !csgA produced a smooth and white (saw) morphotype (Figure 4b).  PHL628 
is known to overproduce curli (Vidal et al. 1998), and the red morphotype we 
detected from this strain is consistent with the overproduction of curli.  In contrast, 
the saw morphotype formed by !csgA was consistent with the absence of curli on 
the cell surface (with the absence of the csgA gene rendering the mutant strain 
unable to produce curli). 
 
 
 
Figure 3: Absorbance of crystal-violet retained by the biofilm attached to 
polystyrene tray (ABS595), normalized by total cell growth (OD600).  E. coli 
strains are blue columns and Salmonella strains are red.  Composite average 
of all 32 tested Salmonella strains column is shown in gray. Results presented 
are the mean of 3 independent experiments with a minimum of 3 replicates 
per experiment (n=9).  Error bars represent one standard deviation from the 
mean. 
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Upon establishing the two morphotypic extremes displayed by the E. coli 
strains, the environmental isolates of Salmonella were analyzed.  Salmonella sp. 1-
38 (Figure 4f), produced a red, dry, and rough (rdar) morphotype, which indicated 
the production of both curli and cellulose. The presence of cellulose is known to 
give rise to the rough ridges (Zogaj et al. 2003) as seen with 1-38, but not with 
PHL628 strain which is unable to produce cellulose. The colonies formed by the 
other three Salmonella strains (Figure 4c, 4d, 4f) were not as visually distinct in 
morphotype as either Salmonella sp. 1-38 or the E. coli strains.  Instead of clear rdar 
or saw morphotypes, these strains showed intermediate morphotypes, with some red 
binding indicating the presence of curli but at levels substantially less than PHL628 
and Salmonella sp. 1-38.  The presence of red in these colonies often was higher in 
some regions of the colony growth, as observed by the ring of red on 1-17 (Fig. 2d) 
 
Figure 4:  Congo Red Morphotype Images.  All colonies were grown at 30°C 
for 7 days.  Images are of E. coli strain PHL628 (a) and !csgA (b), Salmonella 
sp. 1-10 (c), 1-17 (d), 1-38 (e) and 1-46 (f). 
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and the white inner circle on 1-46 (Figure 4f).  This unusual distribution of red in 
only parts of the colony has not been previously reported.  
 
There was significant correlation (P < 0.05) between the observed congo red 
morphotypes and biofilm formation among the large collection of Salmonella strains 
(Figure 5, Appendix C.4).  When examining solely the Salmonella strains tested in 
the columns, the correlation between biofilm formation and curli production was 
still significant, verifying that the production of curli is predictive of biofilm 
formation.  However, this correlation was only significant within genera, as the 
correlation was not significant when the Salmonella and E. coli strains were 
grouped (Figure 6). 
 
 
 
Figure 5: Semiquantitative correlation between biofilm formation and 
congo red absorption classes in 32 tested Salmonella strains.  Linear 
regression line and equation are shown along with R
2
.   Correlation is 
statistically significant at the 99% confidence interval. 
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2.3.3 Swimming and Swarming Motility 
  Swarming and swimming motility are both specialized forms of bacterial 
surface translocation driven by flagella as the motive force (Henrichsen 1972).  In 
swarming motility, cells move atop the agar surface, whereas in swimming motility, 
cells move together in a unified front through the agar (Harshay 2003). Figure 6a 
shows the average swimming motility of four replicates of each strain over time. 
The tested strains appear to form 3 distinct classes of measured swimming/ ability: 
fast (1-17, 1-38, 1-46), medium (1-10), and slow (PHL628, "csgA) (Figure 7a).  The 
two E. coli strains (PHL628 and "csgA) were classified as the slow swimming 
strains, as there was very little motility through the plate by either strain.  The 
Salmonella strains were all fast or medium swimmers.  The fast swimming strains 
(1-17, 1-38, 1-46) all moved through the agar quickly and at approximately the 
same rate.  However, strain 1-10 moved slower than the others, at first following the 
 
 
Figure 6: Correlation between biofilm formation and curli 
production in column-tested subset of Salmonella and E. coli strains.  
Linear regression line and equation are shown along with R
2
.    
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same pace as the slow swimming E. coli strains, before finally becoming more 
motile.  Because it resembles neither the fast nor the slow swimmers, strain 1-10 
was placed in its own motility class as a medium swimmer. There was no significant 
correlation between swimming motility and biofilm formation or curli expression 
(Appendix C.3).  
Unlike the swimming motility, swarming motility was not exhibited by 
every tested replicate.  Even under identical conditions, some replicates of a single 
strain would swarm across the agar surface, while other replicates would not. This 
conditional swarming was exhibited by all tested strains.  Given that swarming has 
been shown to be very sensitive to agar conditions (Harshay 2003), we decided to 
report the swarming abilities of each strain by plotting only the replicates that 
indeed swarmed (Figure 7b).  This figure does not include any of the replicates that 
showed no swarming.  Nonetheless, it does indicate how each strain would swarm 
when the agar conditions were permissive.  The swarming abilities displayed by the 
strains appear to be linked with swimming, as three classes were again formed by 
the same strains.  Salmonella sp. 1-10 again appears to translocate at a slower rate 
than the other Salmonella strains, while the E. coli strains show limited swarming 
ability.  Like the swimming motility, no correlation was observed between 
swarming motility and biofilm formation or curli production (Appendix C.4). 
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a.  
 
b.  
Figure 7: a) Swimming and b) Swarming Motility, measured as maximum 
diameter swimming across plate over time. Data shown are E. coli strains, 
PHL628 (dark blue diamond) and !csgA (red square), and Salmonella sp. 1-
10 (green triangle), 1-17 (purple cross), 1-38 (light blue star), 1-46 (orange 
circle).  Results are a minimum of 3 replicates with error bars representing 
one standard deviation from the mean. 
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2.3.4 Sand Column Transport 
All strains in the column studies were first grown in LB to increase biomass 
yield, but which also represses the expression of the curli genes, due to its high 
osmolarity (Jubelin et al. 2005). To minimize the impact of any biological 
differences between the strains on transport we resuspended an aliquot in PBS 
which does not permit growth and therefore does not allow for new extracellular 
organelles or polysaccharides to be produced.  Figure 8 shows the BTCs of all 
strains in PBS along with that of the conservative tracer (KBr).  As expected under 
these conditions, no significant differences in column effluent concentration were 
seen between Salmonella and E. coli strains, despite the differences between strains’ 
ability to form biofilms and produce curli (Figure 8, Appendix B.1).   The BTCs of 
the bacteria showed effluent concentrations with peaks at 40-60% of their initial 
concentration, yet they maintained a curve similar in shape to that of the KBr tracer 
BTC.  The similarity of shape suggests that the retention of the bacteria in the 
column was irreversible, at least over the time frame of the experiment (reversible 
retention would have displayed a lag in the peak tracer concentration (Bales et al. 
1997)).   
Resuspending an aliquot of cells in M9 growth medium, which is growth 
permitting, was expected to permit the synthesis of extracellular organelles like curli 
and allow us to quantify the impact of biological differences between the strains on 
transport.  As expected, the BTCs showed significant differences between the two 
E. coli control strains (Figure 9): PHL628 was significantly more retained (P < 0.05) 
in the column than !csgA as measured by the mass recovery (Appendix B.2). The 
!csgA mutant had much higher effluent measured concentration ratios, with peak 
bacterial recovery ratios of around 60% as compared to only ~27% for PHL628.  
The transport differences observed between these two E. coli is consistent with 
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previous findings (Brombacher et al. 2003) and confirm the correlation between 
biofilms/curli and increased bacterial retention in columns for this E. coli.  
 
Surprisingly, the BTCs showed the two best biofilm forming Salmonella 
strains (1-38 and 1-46), were poorly retained in the column and had the greatest 
recovery ratios (of ~76% and ~44% respectively) (Table 3). In fact, Salmonella 
strain 1-38, which congo red plates suggested produced the greatest amounts of curli 
(as evidenced by its rdar morphotype), showed the least retention in the column. In 
contrast, the strains found to be low biofilm formers (1-10 and 1-17) had percent 
recoveries statistically similar to 1-46, with the mass recovery of 40% and 43% 
respectively (Appendix B.2). These Salmonella strains which we found to have 
intermediate congo red morphotypes exhibited similar retention patterns to !csgA 
even though they formed about 1/4th as much biofilms as the !csgA mutant.  
 
Figure 8:  Breakthrough curves of PBS-suspended bacteria sand 
columns. Data shown are E. coli strains, PHL628 (dark blue diamond) 
and !csgA (red square), and Salmonella sp. 1-10 (green triangle), 1-17 
(purple cross), 1-38 (light blue star), 1-46 (orange circle).  A 
conservative tracer, KBr (lavender dash) is also shown. Results are 
averages from 8 replicate columns, and error bars represent one 
standard deviation from the mean. 
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Table 2: Summary of all assays 
 
 
 
 
Figure 9:  Breakthrough curves of M9-suspended bacteria sand columns. Data 
shown are E. coli strains, PHL628 (dark blue diamond) and !csgA (red 
square), and Salmonella sp. 1-10 (green triangle), 1-17 (purple cross), 1-38 (light 
blue star), 1-46 (orange circle).  A conservative tracer, KBr (lavender dash) is 
also shown. Results are averages from 8 replicate columns, and error bars 
represent one standard deviation from the mean. 
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2.4 Discussion 
Our initial Salmonella collection consisted of 32 strains collected from 
various dairy farms in the Northeastern United States.  As had been previously 
shown for environmental E. coli isolates (Yang et al. 2004), our measurements 
showed a high amount of diversity with respect to in vitro biofilm formation, 
although we did not find any isolate whose biofilms rivaled those of PHL628 
(Figure 3). From this diverse group, four Salmonella strains representing the high 
and low extremes of the isolates’ biofilm forming capabilities (Figure 2) were 
examined in greater detail, with two E. coli strains serving as comparative controls 
for the effect of curli and biofilm formation on transport (Brombacher et al. 2003). 
When grown in LB media which is known to repress the production of curli 
in E. coli (Olsén et al. 1993), then resuspended in PBS, neither the E. coli nor the 
Salmonella strains showed significant retention differences (Figure 8, Appendix 
B.1), however, when the cells were resuspended in M9 before being loaded onto the 
columns we measured significant differences in their retention (Figure 9, Appendix 
B.2).  As expected based on the work of others (Brombacher et al 2003) curli 
production and enhanced biofilm formation capacity were associated with increased 
the retention of E. coli.  Surprisingly, however, curli production and biofilm 
formation did not correlated with transport of the Salmonella strains we analyzed. 
Based on the E. coli results, we expected the two high biofilm forming 
Salmonella strains (1-38 & 1-46) to show higher retention in the columns, as was 
observed for wild type E. coli.  However, both of the high biofilm producing strains 
were less strongly retained in the column than either the low biofilm forming strains 
(1-10 & 1-17) or !csgA, which formed similar biofilms to 1-38 and 1-46.  Although 
it is tempting to conclude from these results that biofilm formation in Salmonella 
may actually facilitate transport in porous media, the differences in column recovery 
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rates of the two high biofilm formers (1-38 & 1-46), suggests this was not the case.  
Similarly, production of curli did not hinder transport of Salmonella strains, as the 
highest curli-producing strain (1-38) displayed less adherence in the column than 
the low curli producing strains (1-10 & 1-17). In fact, the data suggest that contrary 
to the results displayed by E. coli, production of curli appeared to facilitate transport 
in Salmonella. 
As Salmonella spp. 1-38 showed the least amount of retention in the column, 
and was observed swarming on CR agar (Figure 4e), we hypothesized that a surface 
translocation mechanism such as swimming or swarming could be overcoming the 
retentive force of curli and enhancing bacteria transport.  Prior studies confirm that 
bacterial transport in porous media can be facilitated by flagellated motility 
(McClaine & Ford 2002).  However, when all strains were tested specifically for 
swarming (Figure 7a) and swimming (Figure 7b), our findings show no link 
between the swimming and swarming ability of a bacterial strain and its transport 
through sand columns.  Therefore, the appearance of swimming or swarming 
motility does not appear to influence bacterial transport through porous media in our 
tested strains.  
In this work we examined curli production and biofilm formation because 
they have been shown to be important factors in the transport of E. coli through 
porous media (Brombacher et al. 2003, Stevik et al. 2003).  It is possible that the 
unexpected results we observed are due to the presence of some other differences 
between our isolates that either override or mask the effect of curli without 
compromising biofilm formation.   For example, lipopolysaccharides, which have 
been shown to be important for biofilm formation (Genevaux et al. 1999) are also 
known to facilitate transport (Williams & Fletcher 1996, Bell et al. 2003).  Thus 
overproduction of LPS or some other factor that facilitates biofilm formation may 
have enhanced transport rather than decreasing it.  Our unexpected findings could 
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also be complicated by the fact that the uptake of congo red dye is not wholly 
amyloid-specific, since it is also known to bind to cellulose and other 
exopolysaccharides, rendering the congo red morphotype identification misleading 
(Khurana et al. 2001). Future work should also include electron microscopy (EM) to 
complement the congo red morphotype assessment and verify the presence of curli, 
along with western blotting to quantify curli production.  
 There are numerous other factors have been shown to impact biofilm 
formation by environmental E. coli (Reisner et al. 2006) and Salmonella (Jonas et 
al. 2007) such as conjugative plasma transfer, cellulose and biofilm associated 
proteins, whose impact on transport through porous media has not yet been 
addressed.  Additional work is therefore needed to determine if the transport 
differences we observed are due to LPS or some other factor.  Our work also 
suggests that caution must be applied when extrapolating between genera when it 
comes to bacterial transport through porous media.  Further phenotypic analysis of 
these strains, and of additional biofilm-forming and/or curli-producing Salmonella 
strains will be required to fully address this question and yield insight into the 
combination of factors that affect the transport of enterobacteria through unsaturated 
porous media. 
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CHAPTER 3 
 
RECOMMENDATIONS FOR FUTURE WORK 
Based on the results of this initial investigation, we can conclude that the 
presence of biofilms and curli are not the most important factors influencing 
transport of environmental Salmonella.   However, while this conclusion has been 
supported by our findings, we tested only a small number of Salmonella strains. The 
evaluation of additional Salmonella strains is recommended to verify this finding.  
In addition, we examined the transport behavior using a novel setup of mini-sand 
columns.  Scaling up these experiments in larger columns would address the 
question of whether our findings were adversely influenced by the relatively small 
scale.   
Future studies should focus on both the visualization and modeling of 
bacterial transport processes and the identification of individual transport-
influencing factors.  Insertion of a fluorescent gene into the bacteria and subsequent 
observation under a confocal microscope could allow for visualization of transport 
limiting processes and identify possible attachment sites preferences.  Modeling our 
observed transport would provide useful information about the physical process 
influencing retention of bacteria.  Modeling bacteria like E. coli PHL628 and !csgA 
could be useful in developing a retention coefficient to which the presence of 
biofilms and curli phenotypes could be linked.   
A more thorough biological characterization of the strains used in the study 
could yield value information linking phenotype to trends observed in transport.  
The observation of cellulose production by 1-38, poses new questions about the role 
of cellulose in the transport of Salmonella.  Further examination of multiple 
cellulose producing strains in columns is recommended to determine if cellulose has 
an effect on transport.  In addition, the role of LPS still remains unknown.  Atomic 
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force microscopy could be utilized to measure the interactive forces of LPS on the 
bacterial cell surface. The use of genetically defined LPS mutants in the same 
Salmonella background would also be important since earlier work in E. coli was 
based on strains with different genetic backgrounds (Walker 2004). 
Enterobacteria in the environment can show large amounts of genomic and 
phenotypic heterogeneity (Yang et al. 2004).  How this variability relates to the 
spatial distribution of bacteria in the environment is still unknown.  Future 
experiments examining the bacterial populations found at distinct locations in the 
hydrologic flowpath for phenotypic characteristics could help determine if specific 
genotypically controlled surface characteristics influence the transport of bacteria in 
the environment.  In addition, comparing the transport characteristics of bacteria 
found in the subsurface to bacteria found in the topsoil could yield important 
information about the hydrologic mechanisms influencing transport, i.e. do bacteria 
travel through preferential flowpaths. 
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APPENDIX A 
 
SAND COLUMN EXPERIMENTAL DATA 
 
A.1   July 2, 2008 M9 sand column experimental data 
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A. 2 July 2, 2008 PBS sand column experimental data 
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A. 3 July 2, 2008 M9 sand column experimental data and BTCs 
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APPENDIX B 
 
MASS BALANCE DATA 
B. 1 Mass Recoveries from PBS-suspended sand columns. 
 
a Significantly equal to PHL 628 
b Salmonella sp. significantly equal to  1-10  
B.2  Mass Recoveries from M9-suspended sand columns.  
 
a Significantly different from PHL 628 
b Significantly different from 1-38 
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APPENDIX C 
 
COMPLETE STATISTICAL DATA 
 
C. 1 PBS Columns Mass Balance Statistics 
One-sample student t-tests assuming unequal variances 
 
One-Sample Statistics 
 N Mean Std. Deviation Std. Error Mean 
PHL628 16 .48889 .089475 .022369 
Delta_csgA 14 .51117 .024841 .006639 
Strain_1_10 14 .44355 .057991 .015499 
Strain_1_17 14 .47480 .019958 .005334 
Strain_1_38 14 .50990 .047356 .012657 
Strain_1_46 15 .46150 .042571 .010992 
 
One-Sample T-Test 
 
Test Value = 0                                        
 95% Confidence Interval of the 
Difference 
 t df Sig. (2-tailed) Mean Difference Lower Upper 
PHL628 21.856 15 .000 .488885 .44121 .53656 
Delta_csgA 76.993 13 .000 .511167 .49682 .52551 
Strain_1_10 28.619 13 .000 .443555 .41007 .47704 
Strain_1_17 89.014 13 .000 .474802 .46328 .48632 
Strain_1_38 40.288 13 .000 .509905 .48256 .53725 
Strain_1_46 41.986 14 .000 .461500 .43792 .48507 
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C. 2 M9 Columns Mass Balance Statistics 
One-sample student t-tests assuming unequal variances 
 
One-Sample Statistics 
 N Mean Std. Deviation Std. Error Mean 
PHL628 16 .26825 .053191 .013298 
Delta_csgA 12 .60687 .143812 .041515 
Strain_1_10 15 .40322 .043860 .011325 
Strain_1_17 16 .43077 .030802 .007700 
Strain_1_38 14 .76412 .072006 .019244 
Strain_1_46 14 .48690 .077394 .020684 
 
One-Sample Test 
 Test Value = 0                                        
 95% Confidence Interval of the 
Difference 
 t df Sig. (2-tailed) 
Mean 
Difference Lower Upper 
PHL628 20.173 15 .000 .268250 .23991 .29659 
Delta_csgA 14.618 11 .000 .606870 .51550 .69824 
Strain_1_10 35.605 14 .000 .403216 .37893 .42751 
Strain_1_17 55.941 15 .000 .430772 .41436 .44718 
Strain_1_38 39.706 13 .000 .764123 .72255 .80570 
Strain_1_46 23.540 13 .000 .486902 .44222 .53159 
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C. 3 Mass Recovery Correlations 
 
Correlation between Column Mass Recoveries and Biological Characteristics 
for Salmonella sp. 1-10, 1-17, 1-38, 1-46 and E. coli PHL628 and !csgA.  
Significance (95% Confidence Interval) " 0.05.   
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C. 4 Salmonella biofilm and curli correlations 
 
Pearson Correlation for 32 tested Salmonella strains comparing biofilm 
formation and curli production 
 
Correlations 
  
Curli_Production Biofilm_Formation 
Pearson Correlation 1.000 .750
**
 
Sig. (2-tailed)  .000 
Curli_Production 
N 22.000 22 
Pearson Correlation .750
**
 1.000 
Sig. (2-tailed) .000  
Biofilm_Formation 
N 22 22.000 
**. Correlation is significant at the 0.01 level (2-tailed).  
 
 
 
Pearson Correlation for 4 Salmonella strains tested in column (1-10, 1-17, 1-38, 
1-46)  
 
